The high cycle and very high cycle fatigue properties of the titanium alloy Ti6Al4V with a duplex microstructure were investigated at room temperature. High cycle fatigue tests were performed in the range from 10 4 to 10 7 cycles by rotating bending at the frequency of 30 Hz. The very high cycle fatigue tests were carried out in the range from 10 7 to 10 10 cycles in tension-compression on an ultrasonic fatigue testing machine at the frequency of 20 kHz. The stress amplitude was found to decrease with increasing number of cycles in the whole range from 10 4 up to 10 9 cycles and only at the highest number of cycles (NF = 10 9 ) the alloy exhibits the fatigue limit of 460 MPa. The detail fractographic analysis was performed to characterize the fatigue failure mechanisms. Both subsurface and surface crack initiation were observed in very high cycle fatigue region. No inclusions, but only local chemical inhomogeneity in microstructure was observed at the locations of subsurface fatigue crack initiation in alpha-grains.
Introduction
Titanium alloys used as biomaterials for permanent orthopaedic implants are predominantly subjected to cyclic loading. They are required to safe operation over long periods of life, extending much beyond billion cycles.
Among various materials currently employed, the alloy Ti6Al4V has found extensive biomedical applications due to its good mechanical properties and ability for osseointegration, combined with an excellent corrosion behavior due to passivity [1] .
Good fatigue performance is the most important factor for cyclically loaded components to ensure long-term reliability. The classical description of metal fatigue was developed during the 19th century and since that time the main aspects of the lifetime-oriented fatigue behavior of metals have been generally represented in the form of SN curves. In conventional fatigue design, the fatigue limit is usually determined by the fatigue strength at specied number of cycles [2] . Based on the fatigue life concept, the metal fatigue can be subdivided into three categories. The rst one is the low cycle fatigue (LCF) up to 10 5 cycles to failure, the second one is the high cycle fatigue (HCF) between 10 5 and 10 8 cycles to failure and the third one is the very high cycle fatigue (VHCF) over 10 8 cycles to failure [3] . However, measurement of VHCF using common devices is extremely time-consuming and therefore often not executed.
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During the last decade it was indicated that the common comprehension of SN curves has to be revised in the very high cycle fatigue [4, 5] . Numerous data exist for spring and bearing steels in the VHCF region [6, 7] .
On the other hand, investigation of VHCF behaviour of light metals, as e.g. magnesium and titanium and their alloys is reported in the literature relatively sparsely [8, 9] or in a general manner only [10] .
The objective of this investigation is to characterize the VHCF fatigue behavior of Ti6Al4V alloy and to compare it with processes occurring during HCF fatigue.
Experimental procedure
The Ti6Al4V alloy was used in this investigation.
The chemical composition is declared by the supplier:
Al (5.56.75 wt.%), V (3.54.5 wt.%), O (< 0.2%), Fe (< 0.3 wt.%) and C (< 0.1%), H (< 0.015 wt.%) and N (< 0.05 wt.%). The beta transus of the alloy is 995 • C.
The material was prepared by annealing at 980 • C for 1 h followed by water quenching. Subsequently it was annealed at 800 • C for 1 h followed by air cooling.
Final aging was performed at 500 • C for 24 h [11] .
As the fatigue endurance was determined in a very 
found elsewhere [12] . VHCF tests may be certainly performed also on conventional fatigue machines. However, Chemical analysis of the microstructural heterogeneities at the fracture surface was performed by energy dispersive X-ray analyzer EDAX.
Results and discussion
The typical initial microstructure of the material is shown in the optical micrograph in Fig It was reported by many authors that the bimodal structure generally ensures good fatigue endurance of the Ti6Al4V alloy [14] . The mechanical response of Ti 6Al4V alloy is, however, extremely sensitive to prior thermo-mechanical processing history, e.g., prior β grain size, the ratio of primary α to transformed β, the α grain size and the α/β morphologies, all impacting performance, particularly HCF lifetime. 
where σ is stress amplitude, a is parameter of the Basquin function (extrapolated value of function or of the tangent in the point of inexion for N = 1), N is number of cycles and b is parameter of the Basquin function (in loglog t the slope of oblique asymptote or of the tangent in the point of inexion).
The validity of the simple Basquin function describing the dependence of fatigue limit of nite life σ(N ) on the number of cycles N can be extended using the Stromeyer function to the low-cycle region
as well as to the high-cycle region
(where σ ∞ is permanent fatigue limit) and using the Palmgren function to both the low-and the high-cycle 10 . The VHCF region of Ti6Al4V alloy is therefore characterized by an extremely low decrease of fatigue strength [19, 20] as compared to most other structural materials, as e.g. structural steels, high strength steels or ADI alloys [7] . From the practical viewpoint N ≈ 10 8 may be set as the fatigue limit of this alloy. On the other hand, the behaviour of the alloy may dier as a result of dierent heat treatment. A marked decrease in fatigue strength of titanium alloys above 10
7 cycles was observed in [21] .
As reported by many authors, also for titanium alloys, there is a common belief that a transition of fatigue crack initiation from the surface to the interior occurs at the low stress amplitudes in VHCF region. The sole surface fatigue crack initiation in the VHCF region was reported only rarely [19, 22] . However, our detailed fractographic Neither inclusions nor pores were detected at the initiation site of the investigated fracture surface. However, typical cleavage facets were observed on the surface in the crack origin in α grains (Fig. 5) where a local chemical abnormality was detected by EDX analysis, see Fig. 6 and the Table. Cleavage facets at crack initiation sites may be formed by three following mechanisms. Firstly, internal cracks may initiate at primary α grains in bimodal microstructure whose large boundaries constitute weak sites. Secondly, if a large primary α grain in the bimodal microstructure is situated on a plane subjected to tensile stress, the long grain boundary acts as an internal notch [10] . Thirdly, the easy crack propagation parallel to the local lamellar interfaces also causes facet formation on the fracture surface. This mechanism of internal crack initiation in the α +β titanium alloys is well known and reported in detail by many authors [10, 24, 25] .
Despite the similar appearance of fracture surface at HCF and VHCF there are fundamental dierences between fatigue mechanisms operating in these two regions.
At low stress amplitudes (VHCF region), the macro-plasticity, which may introduce through-thickness slip or long range persistent slip bands, is inactive. Only the micro-plasticity due to microstructural heterogeneity can act as a damage mechanism [10] . In the two-phase alloy, the nature of the crack initiation site depends not only on microstructural factors, but also on the respective response of each phase to the cyclic straining [26, 27] . At high stress amplitudes (HCF region) fatigue cracks initiated at the surface of specimen due to cyclic slip deformation with the presence of stage I facets. Only single crack initiation occurred. Multiple crack initiation was not observed even at highest stress amplitudes. Fatigue cracks initiated in the α phase were observed in our previous work [28] , and also reported by other authors [29, 30] Transgranular fatigue fracture with radial streaks corresponding to the crack propagation can be seen in all specimens irrespective of applied stress amplitude.
The fracture surfaces at high stress amplitudes have more developed secondary cracks perpendicular to the crack growth direction and striated regions with larger spacing compared to fracture surfaces at low stress amplitudes.
Secondary cracks in Ti6Al4V alloy are known to form at the interface between acicular α and β phase [32] .
The fracture surfaces at low stress amplitudes, as seen 
